Urotensin II (U-II) is implicated in cardiomyocyte hypertrophy, which results in cardiac remodeling. We recently demonstrated that both reactive oxygen species (ROS) generation and epidermal growth factor receptor (EGFR) transactivation play critical roles in U-II signal transduction. However, the detailed intracellular mechanism(s) underlying cardiac hypertrophy and remodeling remain unclear. In this study, we used rat cardiomyocytes treated with U-II to investigate the association between ROS generation and EGFR transactivation. U-II treatment was found to stimulate cardiomyocyte hypertrophy through phosphorylation of EGFR and ROS generation. Apocynin, an NAD(P)H oxidase inhibitor, and N-acetyl cysteine (NAC), an ROS scavenger, both inhibited EGFR transactivation induced by U-II. In contrast, 4-(3Ј-chloroanilino)-6,7-dimethoxy-quinazoline (AG1478, an EGFR inhibitor) failed to inhibit intracellular ROS generation induced by U-II. Src homology 2-containing tyrosine phosphatase (SHP-2), but not protein tyrosine phosphatase 1B (PTP 1B), was shown to be associated with EGFR during U-II treatment by EGFR coimmunoprecipitation. ROS have been reported to transiently oxidize the catalytic cysteine of phosphotyrosine phosphatases, subsequently inhibiting their activity. We examined the effect of U-II on SHP-2 and PTP 1B in cardiomyocytes using a modified malachite green phosphatase assay. SHP-2, but not PTP 1B, was transiently oxidized during U-II treatment, which could be repressed by NAC treatment. In SHP-2 knockdown cells, U-IIinduced phosphorylation of EGFR and myocyte hypertrophy were dramatically elevated, and these effects were not influenced by NAC. Our data suggest that U-II-mediated ROS generation can transiently inhibit SHP-2 activity, thereby facilitating EGFR transactivation and hypertrophic signal transduction in rat cardiomyocytes.
2-containing tyrosine phosphatase (SHP-2), but not protein tyrosine phosphatase 1B (PTP 1B), was shown to be associated with EGFR during U-II treatment by EGFR coimmunoprecipitation. ROS have been reported to transiently oxidize the catalytic cysteine of phosphotyrosine phosphatases, subsequently inhibiting their activity. We examined the effect of U-II on SHP-2 and PTP 1B in cardiomyocytes using a modified malachite green phosphatase assay. SHP-2, but not PTP 1B, was transiently oxidized during U-II treatment, which could be repressed by NAC treatment. In SHP-2 knockdown cells, U-IIinduced phosphorylation of EGFR and myocyte hypertrophy were dramatically elevated, and these effects were not influenced by NAC. Our data suggest that U-II-mediated ROS generation can transiently inhibit SHP-2 activity, thereby facilitating EGFR transactivation and hypertrophic signal transduction in rat cardiomyocytes.
Cardiac remodeling is generally considered as a process occurring in response to increased cardiac load, which may be due to hypertension or neurohormonal elevations, injuries or other factors (Ni et al., 2006) . After adverse physiologic events, the heart undergoes compensatory changes in cardiac output that are necessary to maintain blood flow in the pulmonary and systemic circulation. These adaptive changes involve cardiac hypertrophy and proliferation of cardiac fibroblasts, accompanied by simultaneous adjustments in the interstitial tissue. In the long term, however, these modifications are highly detrimental and contribute to the subsequent inability of the cardiac system to maintain sufficient output, ultimately resulting in heart failure. Thus, in addition to representing a pathologic state that precedes cardiac failure, cardiac hypertrophy is also an independent risk factor for cardiac-related morbidity and mortality. Therefore, it is of particular importance to determine the molecular mechanisms underlying development of cardiac hypertrophy.
With regard to cardiovascular disease, there has been considerable interest in urotensin II (U-II) due to accumulating evidence suggesting it has a role in cardiac remodeling and subsequent cardiovascular dysfunction. U-II is a cyclic peptide synthesized through proteolytic cleavage of a precursor molecule, prepro-U-II, and is a potent vasoconstrictor (Saffitz et al., 2007) . U-II has been identified in the heart (Matsushita et al., 2003) , which is also known to display an abundant expression of U-II receptors (Saffitz et al., 2007) . It is now well established that U-II levels are significantly increased in several cardiovascular diseases (Bousette and Giaid, 2006) . For example, in patients with coronary artery disease, it has been shown that U-II plasma levels are significantly greater relative to healthy patients. The severity of coronary artery disease is also positively correlated with U-II plasma levels (Papadopoulos et al., 2008) . In addition to clinical evidence, in vitro and in vivo studies have further implicated U-II in the development of cardiac hypertrophy (Zhang et al., 2007) . We recently demonstrated that generation of reactive oxygen species (ROS) is involved in U-II-induced cell proliferation, tyrosine phosphorylation of epidermal growth factor receptors (EGFRs), and extracellular signal-regulated kinase (ERK) phosphorylation in rat cardiac fibroblasts (Chen et al., 2008) . However, little is known about U-II-mediated intracellular signaling pathways related to cardiomyocyte hypertrophy.
Although EGFR transactivation and ROS generation have important roles in U-II signaling pathways (Chen et al., 2008) , the connection between these biochemical processes remains unclear. Recent studies have revealed a mechanism through which ROS can regulate cellular processes. This involves transient inhibition of protein tyrosine phosphatases (PTPs) through reversible oxidation of their catalytic cysteine residue, which in turn suppresses dephosphorylation of downstream proteins (Meng et al., 2002) . Several PTPs regulate receptor tyrosine kinases associated with various signaling pathways, including EGFRs (Liebmann and Bohmer, 2000) . This reversible oxidation mechanism may help to explain the link between EGFR transactivation and ROS generation in the U-II signaling pathway. Therefore, we examined the EGFR as a potential downstream effector of U-II-induced hypertrophy in neonatal rat cardiomyocytes. Here, we report that ROS generation is involved in EGFR transactivation and myocyte hypertrophy triggered by the U-II signaling pathway in rat cardiomyocytes. This mechanism is associated with transient inhibition of the PTP Src homology 2-containing tyrosine phosphatase (SHP-2), caused by ROS.
Materials and Methods
Materials. Dulbecco's modified Eagle's medium, fetal calf serum, and tissue culture reagents were obtained from Invitrogen (Carlsbad, CA). Human U-II and all other chemicals of reagent grade were obtained from Sigma-Aldrich (St. Louis, MO). To block EGFR-mediated signaling or U-II induced ROS generation, cells were preincubated for 30 min at 37°C with 4-(3Ј-chloroanilino)-6,7-dimethoxyquinazoline (AG1478), N-acetyl-cysteine (NAC), or apocynin before incubation with U-II. Antibodies used in this study were purchased from New England Biolabs (Ipswich, MA), Cell Signaling Technology Inc. (Danvers, MA), BD Biosciences (San Jose, CA), Santa Cruz Biotechnology (Santa Cruz, CA), and Lab Frontier Co. Ltd. (Seoul, Korea) (anti-GAPDH).
Cardiomyocyte Cell Culture and Immunofluorescence Microscopy. Primary cultures of neonatal rat ventricular myocytes were prepared and plated at high density (1250 cells/mm 2 ) as described previously (Cheng et al., 1999) . Principles of laboratory animal care (Institute of Laboratory Animal Resources, 1996) were followed. Primary myocyte cell cultures contained less than 5% noncardiomyocytes as determined microscopically. Before treatment, serum-containing medium was removed from myocyte cultures and replaced with serum-free medium. To visualize changes in cell size, myocytes were plated on fibronectin-coated coverslips at a density of 5 ϫ 10 5 cells in 35-mm dishes. After the treatment, cells were fixed and visualized using mouse anti-␣-actinin (Sigma-Aldrich) and rhodamine-conjugated anti-mouse antibodies. To reveal cell nuclei, the same slides were stained with 4Ј,6-diamidino-2-phenylindole (DAPI; 1 g/ml) in phosphate-buffered saline (PBS) plus 0.5% 1,4-diazabicyclo [2,2,2] octane. Immunofluorescence images were obtained using a fluorescence microscope (Eclipse; Nikon, Tokyo, Japan) equipped with a digital camera (DXM1200; Nikon). Cell surface areas were measured by morphometric analysis of ␣-actinin-stained cardiomyocytes using NIH Image software (http://rsb.info.nih.gov/ nih-image/). Cell size was quantified by measuring cell surface area in randomly chosen cells from different dishes.
Flow Cytometric Assay of 2,7-Dichlorodihydrofluorescein Oxidation. The determination of intracellular ROS production was based on the oxidation of 2Ј,7Ј-dichlorodihydrofluorescein (DCFH) to fluorescent 2Ј,7Ј-dichlorofluorescein (DCF), as described previously (Chen et al., 2008) . DCFH was added at a final concentration of 10 M and incubated for 30 min at 37°C. The cells were then washed once with PBS and maintained in a 1-ml culture medium. After drug treatment, the medium was aspirated and cells were washed twice with PBS and then dissociated with trypsin. Cellular fluorescence was determined by flow cytometry (FACScan; BD Biosciences). Cells were excited with an argon laser at 488 nm, and measurements were taken at 510 to 540 nm.
Western Blot Analysis. Rabbit polyclonal anti-phospho-ERK antibody and mouse monoclonal anti-phospho-EGFR (Tyr1068) antibody were purchased from New England Biolabs and Cell Signaling Technology Inc.. Anti-ERK, anti-EGFR, anti-p47 phox , anti-PTP1B, and anti-SHP2 antibodies were purchased from Santa Cruz Biotechnology Inc. Whole-cell extracts were obtained in a radioimmunoprecipitation assay buffer [10 mM Tris, pH 7.5, 150 mM NaCl, 0.1% SDS, 1.0% Triton X-100, 1% sodium deoxycholate, 5 mM EDTA, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, and Complete protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany)]. Extracts or proteins were separated by SDSpolyacrylamide gel electrophoresis followed by electrotransfer to polyvinylidene difluoride membranes and probed with antisera, followed by horseradish peroxidase-conjugated secondary antibodies. The proteins were visualized by chemiluminescence, according to the manufacturer's instructions (Pierce Biotechnology Inc., IL).
PROTEIN Synthesis Measurement ([ 3 H]Leucine Incorporation).
To measure synthesis of new protein, cardiomyocytes were incubated with 1.0 Ci/ml [ 3 H]leucine in serum-free medium (Cheng et al., 2005b) . Cells were harvested by incubation at 4°C with trichloroacetic acid (5%) followed by solubilization in 0.1 N NaOH. Radioactivity was determined by scintillation counting.
Immunoprecipitation. Cardiomyocyte cultures were starved overnight in serum-free culture medium and stimulated with or without 1 nM U-II at 37°C. The cells were lysed at 4°C in lysis buffer (50 mM Tris, pH 7.5, 1% Nonidet P-40, 0.5% sodium deoxycholate, 150 mM NaCl, protease inhibitors). Target proteins were collected using an immunoprecipitation kit (Roche Molecular Biochemicals) with specific antibodies and protein-G-agarose, according to the manufacturer's instructions.
Detection of Cysteine Oxidation in Phosphotyrosine Phosphatases. The oxidation of the active-site cysteine residue in PTPs was detected using a process described in our previous study (Chen et al., 2006) . Treated rat cardiomyocytes were lysed at room temperUrotensin II Induces Rat Cardiomyocyte Hypertrophy ature in a dark environment for 20 min in lysis buffer with 100 mM iodoacetic acid (IAA). PTPs were collected by immunoprecipitation with specific antibodies and protein-G-agarose beads. The beads were washed three times in lysis buffer, incubated with 10 mM dithiothreitol for 10 min on ice, washed again three times, and stored in distilled water. Phosphatase activity of the samples was detected by malachite green using the Tyrosine Phosphatase assay kit 1 (Upstate Biotechnology, Billerica, MA), according to the manufacturer's instructions.
siRNA-Mediated Gene Knockdown and Fluorescence Observation of Green Fluorescent Protein. SHP-2 siRNA, p47 phox siRNA, and control siRNA were purchased from Santa Cruz Biotechnology and used for SHP-2 knockdown, p47
phox knockdown, and experimental control, respectively. Transfection of siRNA in cardiomyocytes was performed using siRNA transfection reagent, according to the manufacturer's instructions (Santa Cruz Biotechnology Inc.). Transfected cells were subsequently processed for western blot analysis and advanced assays. In a subset of experiments examining morphologic changes of cardiomyocytes, cotransfections of green fluorescent protein (GFP) expression plasmids (a gift from Prof. Jeremy Jan-Way Chen, Institute of Biomedical Sciences, National ChongHsin University, Taichung, Taiwan) and siRNAs were carried out at a ratio of 1:3 with Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions. Fluorescence of GFP in transfected cells was monitored by fluorescence microscopy (Eclipse; Nikon).
Statistical Analysis. Results are expressed as mean Ϯ S.E.M. The number of experiments (n) is given in each figure legend. Statistical analysis was performed using Student's t test or analysis of variance, followed by a Dunnett multiple-comparisons test using Prism (GraphPad Software, San Diego, CA). A value of P Ͻ 0.05 was considered statistically significant.
Results

Roles of EGFR Transactivation and ERK Phosphorylation in U-II-Induced Cardiomyocyte Hypertrophy.
To determine whether EGFR transactivation can be induced by U-II in rat cardiomyocytes, EGFR was immunoprecipitated using goat anti-EGFR antibody. As shown in Fig. 1A , 0.5 to 10 nM U-II induced significant phosphorylation of EGFR. At a concentration of 0.5 to 1 nM, the effect of U-II on EGFR phosphorylation was maximal. After treatment with 1 nM U-II, EGFR phosphorylation was detected within 1 min (reaching a maximum at 2 min) and was sustained through 10 min of treatment (Fig. 1B) . Extracellular signal-regulated kinases are important signaling molecules in the EGFR pathway. It was found phosphorylation of ERK also increased within 2 min of U-II exposure, which was sustained through 30 min of treatment (Fig. 1C) . There was a pronounced increased in the size of cardiomyocytes treated with 1 nM U-II for 24 h, as well as a significant increase in protein synthesis of these cells relative to control-treated cells (Fig. 1, D-F) . These effects were reduced by pretreatment with the EGFR inhibitor AG1478 (100 nM) or the mitogen-activated protein kinase kinase kinase inhibitor U0126 (1 M) for 30 min. These findings implicate EGFR transactivation and ERK phosphorylation in U-II-induced cardiomyocyte hypertrophy.
Role of ROS Generation in U-II-Induced EGFR Transactivation and Cardiomyocyte Hypertrophy. It has been shown that U-II stimulates ROS generation in various cell types (Djordjevic et al., 2005; Chen et al., 2008) . To determine the influence of ROS on EGFR transactivation in the U-II signaling pathway in cardiomyocytes, phosphorylation of EGFR induced by U-II was examined in cardiomyocytes after treatment with the NAD(P)H oxidase inhibitor apocynin or the ROS scavenger NAC. As shown in Fig. 2A , treatment with apocynin (0.5 mM), NAC (5 mM), or the EGFR inhibitor AG1478 resulted in decreased U-II-induced phosphorylation of EGFR. ERK showed a pattern of phosphorylation similar to that of EGFR when treated with NAC, apocynin, or AG1478 (Fig. 2B) . U-II-induced cardiomyocyte hypertrophy and [ 3 H]leucine uptake was suppressed after pretreatment with NAC and apocynin (Fig. 2, B, and C) . These data suggest that ROS are involved in EGFR transactivation and U-II-induced cardiomyocyte hypertrophy.
Levels of ROS were significantly increased compared with control cells after U-II challenge (Fig. 3) . A flow cytometric histogram of DCF fluorescence in cardiomyocytes from a typical time course experiment is shown in Fig. 3A . Time course experiments revealed that the addition of U-II (1 nM) to cardiomyocytes transiently induced ROS production, which peaked 2 min after stimulation and then declined (Fig.  3B ). The addition of U-II (0.5-10 nM; 2 min) induced a significant increase in ROS production (Fig. 3C) . We also examined the influence of EGFR transactivation on ROS generation caused by U-II. As shown in Fig. 3D , U-II-induced ROS generation in rat cardiomyocytes was reduced by apocynin and NAC, but not AG1478. In addition, apocynin is an inhibitor of many flavoprotein enzymes but not specific to NADPH oxidase. To confirm the role of NADPH oxidase in U-II-induced ROS generation, NADPH oxidase subunit p47 phox siRNAs were used for NADPH oxidase knockdown cells. As shown in Fig. 3E , the expression level of p47 phox was significantly reduced in p47 phox siRNA transfection cells compared with the mock controls. The U-II-induced ROS generation was also decreased apparently in siRNA transfection cells (Fig. 3F) . These results suggest that ROS generation via NADPH oxidase is necessary for EGFR transactivation and subsequent myocyte hypertrophy in U-II-treated rat cardiomyocytes.
Interactions between Src Homology 2-Containing Tyrosine Phosphatase and EGFR during U-II Treatment. In our previous study, we found that SHP-2 is involved in EGFR transactivation in the ET-1 signaling pathway (Chen et al., 2006) . To further investigate the role of SHP-2 in U-II-induced EGFR transactivation, we examined the interaction between SHP-2 and EGFR in U-II-treated cardiomyocytes by coimmunoprecipitation. Time course studies revealed that within 1 min, coimmunoprecipitated SHP-2 was significantly increased after treatment with 1 nM U-II, after which dissociation occurred (Fig. 4A) . In contrast, using the same experimental conditions, the tyrosine phosphatase PTP-1B was detected only at basal levels (Fig. 4B) . As shown in Fig. 4C , we immunoprecipitated EGFR and found significant coimmunoprecipitation of SHP-2 after treatment with U-II at a concentration of 0.5 to 5 nM. However, U-II-mediated SHP-2 coimmunoprecipitation was significantly reduced by pretreatment with NAC (5 mM; 30 min) (Fig. 4C) . These results indicate that SHP-2 interacts with EGFR in U-II signaling pathways in cardiomyocytes, which may play an important role in regulation of EGFR transactivation.
Transient Oxidization of the SHP-2 Cysteine Residue in the U-II Signaling Pathway. ROS are able to transiently inhibit PTPs through the reversible oxidization of the catalytic cysteine residue, thereby suppressing protein dephosphorylation (Meng et al., 2002) . We examined oxidation of the catalytic cysteine residue in various PTPs to Fig. 1 . Role of the induction of EGFR and ERK phosphorylation in U-II-induced cardiomyocyte hypertrophy. Data were expressed as percentage of control. Open bars, control (Cont); filled bars, treatment as indicated. ‫,ء‬ P Ͻ 0.05 versus control; #, P Ͻ 0.05 versus U-II alone. Rat cardiomyocytes were treated with different concentration of U-II for 2 min (A) or 1 nM U-II for different times (B and C). EGFR and phosphorylated EGFR were detected using Western blotting with anti-EGFR and anti-phosphorylated EGFR (Tyr 1068) antibodies, respectively. Anti-ERK and anti-phosphorylated ERK antibodies were used to detect ERK and phosphorylated ERK, respectively. Densitometric analyses were performed with a densitometer. Results were shown as mean Ϯ S.E.M. (n ϭ 4). D, U-II-induced morphologic changes of cardiomyocytes. Cultured cardiomyocytes were exposed to vehicle control (Cont; top left) or to U-II at 1 nM for 24 h in the absence (U-II; top right) or the presence of the EGFR inhibitor AG1478 (U-IIϩAG1478; bottom left) or the mitogen-activated protein kinase kinase inhibitor U0126 (U-IIϩU0126; bottom right), and then immunostained with an anti-␣-actinin antibody (red), and the nucleus was stained with DAPI (blue). Representative stained preparation from three independent experiments are shown. All images were taken at 100ϫ magnification. E, relative cardiomyocyte size. Cultured cardiomyocytes were exposed to vehicle control or to U-II at 1 nM for 24 h in the absence or the presence of AG1478 or U0126. Surface area of cardiomyocytes was measured by using NIH Image software in 60 randomly chosen cells from three different dishes. Data are presented as mean Ϯ S.E.M. F, measurement of protein synthesis by using [ elucidate the role of SHP-2 in U-II-mediated signaling pathways. The data shown in Fig. 5A illustrate oxidation of the catalytic cysteine residue of SHP-2 was significantly increased at an early stage (within approximately 5 min) after U-II treatment. There was, however, no significant change in the oxidation of the catalytic cysteine of PTP-1B during U-II treatment (Fig. 5B) . In other words, the active site cysteine residue of SHP-2 was oxidized, resulting in suppressed dephosphorylation activity during the initial stage of U-II treatment, after which there was a rapid recovery. We further examined the influence of U-II-induced ROS on the oxidation of the catalytic cysteine residue of SHP-2 in rat cardiomyocytes treated with inhibitors. In each sample, SHP-2 was immunoprecipitated with anti-SHP-2 antibody and subjected to the PTP cysteine oxidation detection procedure. As shown in Fig. 5C , U-II induced oxidation of the catalytic cysteine residue in SHP-2, which was reversed by the addition of NAC or apocynin. However, the EGFR inhibitor AG1478 did not influence U-II-induced SHP-2 oxidation. These results suggest that U-II regulates the activity of SHP-2 via ROS generation, but not EGFR transactivation.
Involvement of SHP-2 in U-II-Induced EGFR Transactivation and Cardiomyocyte Hypertrophy. To further investigate the regulatory role of SHP-2 in U-II-induced EGFR transactivation, SHP-2 siRNA was used for SHP-2 knockdown in rat cardiomyocytes. Compared with experimental controls, SHP-2 siRNA (100 nM) significantly reduced SHP-2 expression in rat cardiomyocytes (Fig. 6A) . As shown in Fig. 6B , basal phosphorylation levels of EGFR in SHP-2 knockdown cells were slightly higher than those in experimental control rat cardiomyocytes. Phosphorylation of EGFR induced by U-II was highly increased in SHP-2 knockdown cardiomyocytes. The ROS scavenger NAC did not reduce U-II-induced EGFR phosphorylation in SHP-2 siRNAtransfected cells, although it was associated with decreased EGFR phosphorylation in experimental controls (Fig. 6B) . Furthermore, after treatment with 1 nM U-II for 24 h, cardiomyocytes transfected with SHP-2 siRNA and GFP expres- phox in p47 phox knockdown cardiomyocytes. Control siRNA and p47 phox siRNA (10 or 100 nM) were used for mock control and p47 phox siRNA knockdown, respectively. Proteins from cardiomyocytes without treatment (Cont) or with control siRNA (M) or p47 phox siRNA (sip47) transfection were detected by using polyclonal goat anti-p47 phox antibody. GAPDH was used as a loading control. F, U-II-induced ROS generation in p47 phox knockdown cells. Rat cardiomyocytes with control siRNA (M) or p47 phox siRNA (sip47, 100 nM) transfection were then treated with 1 nM U-II for 2 min.
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at ASPET Journals on June 21, 2017 molpharm.aspetjournals.org Downloaded from sion plasmid exhibited a pronounced increase in cell size (Fig.  6, C, and D) , as well as a significant rise in protein synthesis relative to control-treated cells (Fig. 6E ). Pretreatment with NAC had no impact upon these effects. These results suggest that ROS-mediated transient inhibition of SHP-2 is necessary for the U-II-induced EGFR transactivation that underlies cardiomyocyte hypertrophy.
Discussion
This study examined EGFRs as potential downstream effectors of U-II signaling leading to hypertrophy in neonatal rat cardiomyocytes. We found that ROS production and transient oxidation of Src homology 2-containing tyrosine Fig. 4 . The association of EGFR with SHP-2. Rat cardiomyocytes were treated with 1 nM U-II for different time duration. Data were expressed as percentage of control. Open bars, control (Cont); filled bars, treatment as indicated. Results were shown as mean Ϯ S.E.M. (n ϭ 4). ‫,ء‬ P Ͻ 0.05 versus control; #, P Ͻ 0.05 versus U-II alone. A, EGFR of each sample was immunoprecipitated with goat anti-EGFR antibody. Coimmunoprecipitated SHP-2 was detected by Western blotting. B, EGFR of each sample was immunoprecipitated with goat anti-EGFR antibody. Coimmunoprecipitated PTP-1B was detected by Western blotting. C, rat cardiomyocytes were treated with 5 mM NAC in the absence or the presence of different concentration of U-II for 1 min. EGFR of each sample was immunoprecipitated with goat anti-EGFR antibody. Coimmunoprecipitated SHP-2 was detected by Western blotting. 5 . Detection of the oxidization levels of SHP-2 and PTP-1B in U-II-treated cardiomyocytes. Rat cardiomyocytes were treated with 1 nM U-II for different time duration, and then treated with IAA to block catalytic residues of protein tyrosine phosphatases. SHP-2 (A) and PTP-1B (B) in U-II treated cells were immunoprecipitated with rabbit anti-SHP-2 and anti-PTP-1B antibody, respectively. C, effects of AG1478, NAC, and apocynin on the SHP-2 oxidization in U-II-treated cells. Cardiomyocytes were pretreated with 100 nM AG1478, 5 mM NAC, or 0.5 mM apocynin for 30 min, respectively. All samples were treated with 1 nM U-II 2 min and then treated with IAA. SHP-2 in rat cardiomyocytes was immunoprecipitated with rabbit anti-SHP-2 antibody and applied in PTP cysteine oxidation detection. Purified SHP-2 or PTP-1B was then applied in Modified Malachite Green-PTP Assay. The relative oxidation levels of PTPs were recorded by measuring the relative increase in -fold of liberated phosphate. Results were shown as mean Ϯ S.E.M. (n ϭ 6). ‫,ء‬ P Ͻ 0.05 versus control; #, P Ͻ 0.05 versus U-II alone.
phosphatase is involved in U-II-induced hypertrophy, ERK phosphorylation, and EGFR transactivation in rat cardiomyocytes (Fig. 7) . Tzanidis et al. (2003) have demonstrated expression of both U-II and its corresponding receptor molecule within myocardial tissue, which suggests an important role for U-II in cardiac pathophysiology. To explore the potential role of U-II-related signaling in cardiac cell dysfunction, the effects of exogenous U-II on isolated cardiac cells were examined in vitro. In addition to its vasoconstrictive effect, we showed that exogenous U-II stimulates myocyte hypertrophy in rat cardiomyocytes. Likewise, Zou et al. (2001) reported U-II-dependent hypertrophic changes in isolated cardiomyocyte cultures. However, in contrast to our findings, Onan et al. (2004) reported that U-II does not exhibit an analogous hypertrophic stimulus in quiescent myocyte cultures. These apparently contradictory findings may be partly explained by differences in the preparation cardiomyocyte cultures. Further studies suggest that expression levels of U-II receptors in neonatal cardiomyocytes are below the threshold necessary to support sustained signaling required for the hypertrophic response. Therefore, U-II receptor levels seem to be optimally regulated to obtain myocyte hypertrophy after U-II stimulation.
In addition, we showed that U-II induces ERK phosphorylation in rat cardiomyocytes. Zou et al. (2001) have previously shown that U-II-induced cardiomyocyte hypertrophy is associated with significant ERK activation. Hypertrophic activity, which involves several intracellular mechanisms including the ERK-dependent signaling pathway, has been demonstrated in response to other vasoactive peptides, such as angiotensin II (Cheng et al., 2004b) and endothelin-1 (Cheng et al., 2005a) . The present results further implicate ROS involvement in U-II-induced myocyte hypertrophy, ERK phosphorylation, and EGFR transactivation. Recent reports have shown that U-II stimulates membrane-bound NAD(P)H oxidase, which generates ROS in pulmonary artery Fig. 6 . Phosphorylation patterns of EGFR induced by U-II in SHP-2 knockdown cardiomyocytes. A, the effect of SHP-2 siRNA transfection on SHP-2 protein levels in cardiomyocytes. The cells were transfected with SHP-2 siRNA (si-SHP-2; 10 or 100 nM) to get SHP-2 knockdown cells. Control siRNA was also applied as mock controls (M). Western blotting was carried out with the specific antibody against SHP-2. GAPDH was used as a loading control. Results were shown in mean Ϯ S.E.M. (n ϭ 3). ‫,ء‬ P Ͻ 0.05 versus mock control. B, cardiomyocytes were either transfected with control siRNA as mock controls (M) or transfected with SHP-2 siRNA (si-SHP-2; 100 nM) to obtain SHP-2 knockdown cells. SHP-2 expression was determined using anti-SHP-2 antibodies. Cells were treated with 1 nM U-II for 2 min. To block U-II induced ROS generation, cells were preincubated for 30 min at 37°C with NAC before incubation with U-II. EGFR and phosphorylated EGFR were detected by using Western blotting with anti-EGFR and pEGFR antibodies, respectively. Results were shown in mean Ϯ S.E.M. (n ϭ 4). ‫,ء‬ P Ͻ 0.05 versus mock control; #, P Ͻ 0.05 versus mock control with U-II treatment. C, cardiomyocytes were either cotransfected with control siRNA and GFP plasmid (M) or cotransfected with SHP-2 siRNA with GFP plasmid (si-SHP-2) and then treated with 1 nM U-II for 24 h in the absence or the presence of NAC, and then immunostained with an anti-␣-actinin antibody (red); green color denoted the expression of GFP, and the nucleus was stained with DAPI (blue). Representative stained preparation from three independent experiments are shown. Top left, cotransfected with control siRNA and GFP plasmid (M); top right, cotransfected with SHP-2 siRNA and GFP plasmid, and then treated with 1 nM U-II for 24 h (si-SHP-2 ϩ U-II). Middle left, cotransfected with SHP-2 siRNA and GFP plasmid (si-SHP-2); middle right, cotransfected with control siRNA and GFP plasmid and then treated with 1 nM U-II for 24 h in the presence of NAC (M ϩ U-II ϩ NAC). Bottom left, cotransfected with control siRNA and GFP plasmid, then treated with 1 nM U-II for 24 h (M ϩ U-II); bottom right, cotransfected with SHP-2 siRNA and GFP plasmid and then treated with 1 nM U-II for 24 h in the presence of NAC (si-SHP-2 ϩ U-II ϩ NAC). All images were taken at 200ϫ magnification. D, cardiomyocytes were either cotransfected with control siRNA and GFP plasmid (M) or cotransfected with SHP-2 siRNA with GFP plasmid (si-SHP-2), and then treated with 1 nM U-II for 24 h in the absence or the presence of NAC. Surface area of cardiomyocytes was measured in 20 randomly chosen cells from three different dishes. Data are presented as mean Ϯ S.E.M. F, cardiomyocytes were either transfected with control siRNA as mock controls (M) or transfected with SHP-2 siRNA and were pretreated with NAC, and then treated with 1 nM U-II for 24 h. Protein synthesis was measured by using [ smooth muscle cells (Djordjevic et al., 2005) . The recent research suggested that endothelin-1-mediated ROS generation can transiently inhibit SHP-2 activity to facilitate the heparin-binding EGF-stimulated EGFR transactivation in rat cardiac fibroblasts (Chen et al., 2006) . Inspired by the endothelin-1 study, we investigated the molecular mechanisms by which U-II activates mitogenic signaling pathways and also found that U-II-stimulated ROS generation can induce EGFR transactivation via transient inhibition of SHP-2 in cardiomyocytes. This mechanism enables EGFR to transmit signals to the downstream mitogenic signaling pathway and may extensively exist in G protein-coupled receptor-mediated EGFR transactivation. In this study, we showed that U-II can induce tyrosine phosphorylation of EGFR in rat cardiomyocytes. In our time course experiments, U-II first induced transactivation of EGFR and induced ERK activation thereafter. Moreover, blockade of EGFR activation by AG1478 significantly reduced ERK phosphorylation. This is likely to cause phosphorylated EGFR to biochemically interact with SHP-2, resulting in EGFR dephosphorylation. U-II induces ROS generation, which may lead to transient oxidation of the catalytic cysteine residue of SHP-2, thereby suppressing its dephosphorylation activity. EGFR has been implicated in ERK activation induced by various ligands, such as endothelin-1 (Chen et al., 2006) , leptin (Chao et al., 2007) , and U-II (Chen et al., 2008) . Our results are consistent with previous reports (Onan et al., 2004) , and suggest that in various signaling pathways induced by U-II, EGFR transactivation acts upstream of ERK signaling pathways.
In this study, at a concentration of 0.5 to 1 nM, the effect of U-II on EGFR phosphorylation was maximal. One reason for the observed atypical dose-response curve could be the low receptor density of the investigated cardiomyocytes (Tzanidis et al., 2003) . However, the detailed mechanism still remains to be determined. In addition, we demonstrated an association between ROS and EGFR transactivation via the transient inhibition of PTPs through the reversible oxidation of catalytic cysteine residues (which suppresses protein dephosphorylation) (Meng et al., 2002) . Using a modified malachite green-PTP activity assay, we found that the catalytic cysteine residue of SHP-2, a PTP, was significantly oxidized at an early stage after U-II treatment. The biological interaction between SHP-2 and EGFR was also revealed through coimmunoprecipitation. U-II-induced EGFR phosphorylation was dramatically elevated in SHP-2 knockdown cells, and this was not suppressed by NAC. These results reveal that SHP-2 is a potent mediator in U-II-induced transactivation of EGFR. In contrast, PTP-1B, another oxidation-sensitive PTP, does not interact with EGFR and is not oxidized after activation of the U-II signaling pathway, although transient oxidation of PTP-1B is known to play a crucial role in insulin signaling (Meng et al., 2004) . In SHP-2 knockdown cells, U-II-induced phosphorylation of EGFR was dramatically elevated. This elevation was not suppressed by NAC (Fig. 6B) . Therefore, SHP-2 plays a specific role in the biological mechanism that links EGFR transactivation to ROS generation in the U-II signaling pathway.
As has been described previously for other vasoconstrictor peptides such as angiotensin II (Cheng et al., 2004) and endothelin-1 (Cheng et al., 2005a) , myocyte hypertrophy induced by U-II, may similarly contribute to cardiac remodeling and deterioration in systolic and diastolic function. These long-term effects have traditionally been considered the key mechanisms through which neurohumoral agents influence the diastolic properties of the myocardium. Further studies are required for understanding the relevance of our findings in relation to human cardiovascular pathology. It is attractive to speculate that these results may be important in terms of understanding the potential role of U-II in cardiac dysfunction and cardiac diseases. In summary, the data presented here reveal that ROS generation is essential for EGFR transactivation in U-II-mediated signaling mechanisms. In rat cardiomyocytes, increased levels of ROS specifically inhibit SHP-2 activity at an early stage after U-II treatment, which facilitates a transient increase in phosphorylation of EGFR. After activation of the EGFR signaling pathway, U-II can induce phosphorylation of ERK to promote the hypertrophy of rat cardiomyocytes. In other words, ROS generation is involved in EGFR transactivation through the transient oxidation of SHP-2 in the U-II-induced hypertrophy signaling pathway in rat cardiomyocytes. Fig. 7 . Proposed molecular mechanism of the regulatory role of SHP-2 in U-II-induced EGFR transactivation in rat cardiomyocytes. The phosphorylated EGFR is associated with SHP-2 and is dephosphorylated. The U-II treatment induces ROS generation concomitantly via U-II receptors and NADPH oxidases and causes the transient oxidization of catalytic cysteine of SHP-2 to inhibit the dephosphorylation activity of SHP-2. This mechanism allows transactivated EGFR to transmit signals to the downstream hypertrophic signaling pathway.
